not alter basophil histamine levels or basal and anti-IgEstimulated histamine release. Conclusions: Omalizumab may reduce asthma symptoms in part by suppressing the Fc RI-mediated production by basophils of Th2 cytokines and selected chemokines. Anti-IgE-stimulated basophil cytokine synthesis appears more sensitive than histamine release to the loss of Fc RI caused by omalizumab treatment.
Introduction
Omalizumab (rhuMAb-E25, Xolair ) is a humanized recombinant monoclonal antibody that binds the Fc portion of circulating IgE, preventing its binding to receptors on basophils and mast cells and clearing free IgE from the blood [1] [2] [3] . In clinical trials, omalizumab reduced both the early-and late-phase responses to inhaled allergen [4] [5] [6] . Omalizumab typically improves asthma control and quality of life and allows a significant reduction in corticosteroid use among patients with asthma [2, 7] . In particular, omalizumab treatment strongly reduces asthma exacerbations, defined as adverse events requiring hospitalization [8, 9] .
The mechanism of omalizumab action is incompletely understood. Unlike steroids, omalizumab does not improve nonspecific bronchial hyperresponsiveness and does not have large effects on lung function [10] . It does, however, reduce bronchial mucosal inflammation, as demonstrated by decreases in airways and induced sputum eosinophil numbers as well as by reductions in IgEpositive cells, in T and B lymphocytes and in IL-4-containing cells in bronchial biopsies [9, 10] .
The most dramatic effect of omalizumab is its ability to reduce levels of the high-affinity IgE receptor, Fc RI, on peripheral blood basophils by approximately 90% in a week and by 99% with longer treatment [11] [12] [13] . This reduction in receptor levels occurs because IgE binding is required to stabilize Fc RI at the basophil membrane [14] . Signaling though the Fc RI causes the synthesis and release of substantial amounts of the Th2 cytokines IL-4 and IL-13 that are critical for initiating and maintaining allergic responses [15] [16] [17] [18] [19] [20] [21] [22] . Fc RI signaling also stimulated the production of chemokines, particularly IL-8, that stimulate inflammatory cell chemotaxis [22] . We therefore speculated that reducing Fc RI levels with omalizumab may reduce airways inflammation in part by reducing the Fc RI-mediated production by basophils of asthma-promoting cytokines and chemokines. The hypothesis was consistent with results from several recent studies on mouse models of chronic inflammation. In one case, allergen-induced eosinophilic infiltration leading to delayed-onset ear swelling was abolished in Fc RI-deficient mice and restored, independently of mast cells and T cells, by the transfer of basophil-enriched fractions of bone marrow cells from normal mice [23] . In another report, allergen-induced ear swelling due to massive infiltration of eosinophils and other cells was abolished by treating normal mice with a basophil-depleting antibody [24] . Because basophils accounted for only 1-2% of the infiltrating cells in allergen-treated normal mice, the authors proposed that chemokines and cytokines generated by Fc RI signaling in antigen-stimulated basophils were responsible, directly or indirectly, for the recruitment of the other inflammatory cells.
In this study, we measured basal and anti-IgE-stimulated histamine, cytokine and chemokine production by basophils from volunteers with a diagnosis of intermittent asthma over 12 weeks of omalizumab treatment and 6 months of withdrawal. Our data reveal a significant reduction in the synthesis of asthma-promoting chemokines and cytokines. We discuss the possibility that this basophil response could contribute to the reduced airways inflammation observed in response to omalizumab in humans with asthma.
Subjects and Methods
Percoll was from Pharmacia (Uppsala, Sweden) and Midimacs magnetic columns were from Miltenyi Biotec (Auburn, Calif., USA). The Ca 2+ ionophore, A23187, was from Sigma (St. Louis, Mo., USA). Affinity-purified goat anti-human IgE (anti-IgE) and IL-4 ultrasensitive ELISA kits were from Biosource (Camarillo, Calif., USA). ELISA kits for IL-13, IL-8, RANTES and leptin were from RayBio (Norcross, Ga., USA). Human histamine ELISA kits were from Beckman Coulter (Fullerton, Calif., USA). Luminex assays were performed using the Biosource Human Thirty-Plex Antibody Bead Kit that tests for over 30 cytokines, chemokines and growth factors, with the addition of IL-3 and Leptin Antibody Bead Kits. The anti-human Fc RI ␣ -subunit monoclonal antibody, 22E7, was a generous gift from Dr. J. Kochan, Roche Pharmaceutics and Dr. A. Gilfillan, NIH. Omalizumab for subcutaneous use was provided by Genentech, through the courtesy of Dr. Robert Fick.
Human Subjects
This study was approved by the Human Research Review Committee at the University of New Mexico Health Science Center. Allergy skin testing, spirometry and methacholine challenges and phlebotomy were performed in the UNM General Clinical Research Center as previously described [21, 22] . The study began with the recruitment of subjects with self-reported asthma who were atopic based on positive skin reactions to at least 2 common local allergens. Intermittent asthmatics were selected from this cohort based on their spirometry symptoms and medication use (http://www.nhlbi.nih.gov/guidelines/asthma/asthgdln.htm). None of the subjects currently smoked (confirmed by serum cotinine measurements) and none was obese. Their only medication was occasional albuterol. None had been using inhaled steroids or had received allergen immunotherapy for at least 5 years before onset of the study. Mean age was 19 years (range .
Four males and 11 females entered the study. Their mean serum IgE levels, measured at Tricore Reference Laboratories (Albuquerque, N. Mex., USA), were 207 8 32 IU/ml. Subjects received omalizumab subcutaneously every 4 weeks for a total of 12 weeks. The standard dose, based on weight and initial levels of circulating IgE, was 0.016 mg omalizumab/kg/IU/ml (http:// www.xolair.com/hcp/dosing.jsp). Blood was drawn for analysis of basophil function on 5 separate occasions: 2-14 days before the first omalizumab injection (visit 1; V1), at 2 weeks (V2) and 8 weeks (V3) after beginning omalizumab treatment, within 2 weeks of the last omalizumab injection (V4) and at 6 months (V5) after the last omalizumab injection. The treatment and phlebotomy schedules are shown in figure 1 a.
Basophil Purification and Activation
Basophils were purified from 115 ml peripheral venous blood as described [21, 22] . Briefly, Percoll gradient centrifugation was used to generate 1-47.5% pure basophils, followed by negative selection to 82.5-99% basophils. The average yield of purified basophils was 2.8 million cells (range 0.8-4.8 million).
Some Percoll-enriched basophil preparations were assayed for Fc RI expression levels using FITC-conjugated 22E7, an antiFc RI mAb that labels both IgE-bound and unoccupied receptors. Simply Cellular beads (Bangs Laboratories, Fishers, Ind., USA) were used as standards.
Basophils from all 15 subjects were assayed immediately after Percoll enrichment for histamine release as in Youssef et al. [21] . Briefly, cells in 1 (of 16) tubes from the Percoll gradient were washed and resuspended in Hanks' buffered salt solution, then divided into 8 portions. Two aliquots of basophils were lysed using 3 freeze-thaw cycles, centrifuged and supernatants stored frozen for assays of total histamine content. The remaining aliquots were incubated in duplicate for 30 min at 37 ° C with or without 1.0 g/ml anti-IgE or 1 g/ml A23187. Supernatants recovered by centrifugation were stored frozen for ELISA assays. Degranulation was expressed as histamine released to the medium as percent of total histamine. A23187 served as an internal control for the degranulation assay.
The negatively selected basophils from 9 of the subjects were assayed immediately after purification for cytokine production. Cells were washed and resuspended in Hanks' buffered salt solution, then divided into 6 or more portions. Two portions of cells were lysed using 3 freeze-thaw cycles for assays of preformed cytokines. Four portions of cells were incubated in duplicate for 4 h at 37 ° C with or without 1.0 g/ml anti-IgE as described previously [22] . Supernatants and lysates were stored frozen until analysis.
Anti-IgE concentrations and length of incubation for degranulation and cytokine assays were selected based on the results of earlier studies [19, 21, 22] , with confirmation by further preliminary experiments. No priming agent was added to our buffers. Previous groups have reported that IL-13 is produced more slowly than IL-4 by basophils [18] . However, in our hands, production of both cytokines in response to 1.0 g/ml anti-IgE is near-maximal in 4 h [22] . Previous groups [11, 12] have also found lower percent-stimulated histamine release than is reported here and in our previous papers [19, 21, 22] . The difference may reflect our more rapid and gentle isolation procedure.
Enzyme-Linked Immunosorbent Assays
Basophil supernatants were assayed in duplicate by ELISA for histamine, IL-4, IL-8, IL-13, RANTES and leptin according to the manufacturers' instructions. Assay sensitivities were: IL-4, 0.39 pg/ml; IL-13, 8.23 pg/ml; IL-8/CXCL8, 0.27 pg /ml; RANTES, 2.74 pg/ml; leptin, 4.1 pg/ml; histamine, 0.05 n M . Cytokine production was expressed as picogram per 10 6 cells. Histamine release data were expressed as percent of total histamine content.
Luminex Assays
The same basophil supernatants were analyzed in duplicate for cytokines and chemokines using the Luminex bead-based assay. Assay sensitivities were: IL-4, 5.6 pg/ml; IL-8, 7.2 pg/ml; RANTES, 10.4 pg/ml; leptin, 18.6 pg/ml. Data were collected using a Luminex LX100 system (Luminex Corporation, Austin, Tex., USA). Initial data analysis used Brendan Scientific's StatLia 3.2, curve fitting and statistical analysis package.
Statistical Analyses
Data from all volunteers were pooled and analyzed to generate a mean cytokine or histamine value 8 SEM for the 5 different time points and for 2 treatment conditions, resting and crosslinked using anti-IgE. Repeated measures ANOVA analysis with treatment and time as repeated factors was used to determine if basal and anti-IgE-stimulated cytokine or histamine production were different from each other and also if IgE-stimulated cytokine or histamine production varied across the time course of omalizumab treatment and withdrawal. When repeated measures ANOVA showed differences across the time course of treatment and recovery, paired t tests were used to identify where the samples differed. All statistical analyses used the Statistical Analysis Software package version 9.1 (SAS, Cary, N.C., USA). When variables showed positively skewed distributions of values, values were log transformed prior to data analysis (for more normally distributed outcomes). A p value of ! 0.05 was considered statistically significant. Omalizumab does not reduce anti-IgE-stimulated histamine release. Percoll-enriched basophils from 15 volunteers were analyzed for basal and anti-IgE-stimulated histamine release over a 12-week course of omalizumab treatment and withdrawal. a The arrow shows when drug was first and last injected and when blood was taken for basophil purification and degranulation assays. Basophils were isolated before treatment (V1), at 2 weeks (V2) and 8 weeks (V3) after beginning treatment, within 2 weeks after the last treatment (V4) and 6 months after the last treatment (V5). b The graph shows histamine release 8 SEM in the presence and absence of 1 g/ml anti-IgE measured over 30 min as percent of total histamine content of the cells. Repeated measures ANO-VA comparing between treatment groups found that anti-IgEstimulated release is significantly higher than basal release under all treatment conditions (p ! 0.001). There was no significant effect of omalizumab on anti-IgE-stimulated histamine release across the time course of omalizumab treatment and withdrawal.
Results
Omalizumab Depletes Basophil Fc RI ␣ In initial studies, we confirmed previous evidence [11] [12] [13] for at least a 96% decrease in Fc RI ␣ levels between V1 (immediately before the first injection of omalizumab) and V4 (2 weeks after the last omalizumab injection) in 2 of our subjects (from 70,029 to 1,373 receptors per cell in subject 184; from 84,421 to 3,150 receptors/cell in subject 010). Having replicated well-documented prior work, we focused all future basophil preparations on assays for histamine, cytokine and chemokine production before, during and after exposure to omalizumab.
Omalizumab Does Not Affect Basal or Anti-IgE-Stimulated Histamine Release
We reported previously [21] that basophils from asthmatic volunteers release a higher percentage of their total stored histamine than control basophils in response to anti-IgE challenge. Thus, it was of interest to determine if the strong anti-IgE-induced histamine release response of basophils from asthmatics is attenuated during exposure to omalizumab. Analysis of degranulation data by repeated measures ANOVA found no significant differences in either basal or anti-IgE-mediated percent histamine release over the 12 weeks of omalizumab treatment and 6 months of recovery ( fig. 1 ). As expected, there was also no effect of omalizumab on degranulation induced by A23197, a calcium ionophore that bypasses the IgE receptor and its associated tyrosine kinases and tests for the integrity of downstream events leading to secretion (not shown).
Because we measured both the total histamine content and the percent of basophils in every cell preparation, it was possible to determine if omalizumab alters either basophil numbers or basophil histamine content. Under the assumption that basophils are the only source of histamine in Percoll-enriched fractions, further repeated measures ANOVA found no significant differences across the time course of treatment and recovery either in histamine per 10 6 total leukocytes (p = 0.38) or in histamine per 10 6 basophils (p = 0.78).
Omalizumab Reduces Anti-IgE-Mediated IL-4, IL-8 and IL-13 Production
Increased production of the Th2 cytokines, IL-4 and IL-13, and of the chemokine, IL-8, occurs as a robust response to Fc RI cross-linking in human basophils [15] [16] [17] [18] [19] [20] [21] [22] . We therefore selected these 3 molecules for initial analyses of basophil cytokine and chemokine responses to 12 weeks of omalizumab treatment followed by 6 months of withdrawal. Cytokine assays were performed using basophils from the last 9 (of 15) volunteers. Since there was no difference in selection criteria in course of the project, we felt confident that any differences between the histamine release and cytokine production data could not be based on selection bias.
Results from ELISA ( fig. 2 ) showed that basal production of IL-4, IL-13 and IL-8 during a 4-hour incubation is very low and is not affected by omalizumab. Anti-IgE treatment stimulates the production of all 3 mediators by basophils from intermittent asthmatics. Importantly, omalizumab treatment significantly reduces anti-IgEstimulated production of basophil IL-4, IL-13 and IL-8, while its withdrawal permits a strong recovery. Differences, indicated by asterisks, are strongest at V3 and V4, at 8 and 14 weeks after beginning treatment, respectively. IL-13 production was also significantly reduced after only 2 weeks of treatment.
Effects of Omalizumab on the Production of Other Mediators
We repeated the measurements when Luminex multiplex array technology became available, in order to scan a wider range of cytokines. Results from Luminex assays on stored frozen supernatants from 9 subjects strongly confirmed the responses to anti-IgE stimulation and to omalizumab treatment already observed for IL-8 and IL-4 (Pearson's correlation p ! 0.0001 for comparison of trends between the Luminex and ELISA data for these 2 cytokines; illustrated for IL-8 in fig. 3 a) . Absolute IL-4 and IL-8 levels were less well replicated between the assays, perhaps because the ELISA and Luminex kits used different antibodies. IL-13 was not detected in the Luminex panel. We previously validated IL-13 expression in anti-IgE-stimulated basophils by PCR and by Cartesian array analysis [22] . Furthermore, robust anti-IgE-stimulated basophil IL-13 production was measured in many previous ELISA [16] [17] [18] 20] and RT-PCR [22] analyses. Previous authors have also reported poor correlation between ELISA and Luminex assays for IL-13 [25] . We therefore have confidence in the ELISA results.
We discovered by ANOVA analysis of Luminex data that the chemokine, RANTES, is produced at low levels by resting basophils and at higher levels by anti-IgE-activated basophils ( fig. 3 b) , and we confirmed this result by ELISA (analysis based on supernatants from 6 of the 9 subjects; data not shown). No significant differences in anti-IgE-stimulated RANTES production were observed across the time course of omalizumab treatment and withdrawal.
Previous Cartesian array analysis and ELISA had shown that human basophils produce the adipokine, leptin [22] . The Luminex assay confirmed the earlier observations. ANOVA found no significant effect of either anti-IgE stimulation or omalizumab treatment on the production of leptin by basophils ( fig. 3 c) . The same result was obtained by ELISA (analysis based on supernatants from 6 of the 9 subjects; data not shown).
Other mediators that appeared to be strongly present by Luminex analysis included hepatocyte growth factor, IL-7 and IL-17 [for reservations about IL-17, see 22 ]. MCP1, MIP1 ␣ and MIP1 ␤ were also present in most samples. None of these mediators responded significantly to either anti-IgE stimulation or omalizumab treatment. No independent assays were performed to confirm these observations.
Basophils Synthesize Cytokines and Chemokines de novo
Lysates from freshly purified basophils were included in both the ELISA and Luminex assays. Levels of preformed mediators were below the limits of detection (data not shown). Thus, the cytokines and chemokines detected in supernatants from anti-IgE-stimulated basophils are largely synthesized during the activation period. 
Discussion
Allergic asthma is a chronic lung disease characterized by airflow obstruction, bronchial hyperreactivity and inflammation of the airways. The clinical benefits of therapy with the IgE-scavenging antibody, omalizumab (rHuMab E25, Xolair), in patients with allergic asthma and allergic rhinitis emphasize the fundamental importance in allergic inflammation of IgE and its high-affinity receptor, Fc RI, expressed primarily on basophils and mast cells [3] .
One consequence of omalizumab treatment is a rapid, extensive ( 1 95%) and reversible reduction of Fc RI expression on circulating basophils [11] [12] [13] . It has not been clear if the loss of basophil receptors is important per se for the improved health of patients receiving omalizumab or if loss of basophil receptors is simply a surrogate for similar changes occurring in other less accessible Fc R1-expressing cells, particularly mast cells and dendritic cells often considered more immediate contributors to the initiation and progression of asthma [26, 27] . There are no reports as yet on changes in Fc RI expression on lung mast and dendritic cells in response to omalizumab. However, Prussin et al. [28] described an omalizumab-induced reduction in Fc RI expression on circulating dendritic cells from 16 subjects that followed a similar time course to basophils but was less extensive (maximally 52 and 83% loss for the pDC1 and pDC2 sub- 2 ) for increased cytokine production in response to anti-IgE (p = 0.009 for differences between resting and anti-IgE-stimulated cells) and for reduced antiIgE-stimulated cytokine production during omalizumab treatment (p = 0.01 for differences across the time course of omalizumab treatment and withdrawal). Asterisks localize the differences identified by paired t-tests (p ! 0.05 in comparison with pre-and post-treatment cytokine production). b Luminex data for RANTES also showed increased cytokine production in response to anti-IgE (p = 0.01 for the comparison between resting and anti-IgE-stimulated cells). However, differences in anti-IgEstimulated RANTES production across the time course of omalizumab treatment and withdrawal were not significant by ANO-VA. c Leptin production was not affected significantly by either anti-IgE stimulation or omalizumab.
sets, respectively). Beck et al. [13] reported a loss of receptors on skin mast cells in 3 subjects, and showed that the loss occurred 10 times more slowly than the loss in circulating basophils. These relatively modest changes encouraged the hypothesis that the highly omalizumab-responsive basophil may be directly involved in human asthma. We began our analyses by determining if omalizumab affects histamine release from basophils. Basophil antiIgE-stimulated percent histamine release was measured in duplicate in 15 volunteers on 5 separate occasions before, during and after a 12-week course of treatment following the current subcutaneous route of administration. Results of statistical analyses over multiple donors and times showed clearly that treatment with omalizumab using current dosing protocols does not affect antiIgE-stimulated percent histamine release.
There is no conflict between the current data and previous evidence that percent degranulation in response to dust mite allergen is 90% reduced after 12 weeks of intravenous omalizumab [11, 12] . By stimulating with a relatively high concentration of anti-IgE, our experiments are expected to engage essentially all remaining IgE-receptor complexes. In contrast, levels of dust mite-specific IgE bound to Fc RI are likely infinitesimal when total IgE-Fc RI is already very low.
In contrast to our data, the earlier investigators also reported an approximately 40% reduction in percent anti-IgE-stimulated histamine release after 12 weeks of omalizumab [11, 12] . The use of higher omalizumab doses in the earlier studies provides a possible explanation for this discrepancy. In the first study [11] , volunteers received biweekly intravenous omalizumab at 2 doses, one double the dose used here, and the text describes 'significant variability among donor basophil responses with nearly no change in the response to anti-IgE Ab in some donors'. In the subsequent study [12] , percent anti-IgEstimulated degranulation was measured in basophils from 15 volunteers at the end of 12 weeks of substantially more vigorous therapy than is currently used, including 3 intravenous omalizumab doses in week 1 of treatment followed by biweekly maintenance infusions. When maintenance doses were reduced towards current levels and frequencies, and degranulation redetermined 34 weeks later, anti-IgE-stimulated degranulation rebounded towards (allergen-stimulated) and above (anti-IgEstimulated) pretreatment levels. These results are consistent with our conclusion that current omalizumab dosage schedules do not reduce anti-IgE-mediated percent histamine release.
Because histamine has been implicated in the longterm regulation of inflammatory responses [29] , it was of interest to determine if omalizumab affects the circulating numbers or histamine content of basophils even if it does not affect percent anti-IgE-stimulated histamine release. Statistical analysis found no effect of omalizumab treatment and withdrawal on total histamine levels in Percoll-enriched fractions whether expressed as histamine per 10 6 total leukocytes or when corrected to histamine per 10 6 basophils. These results suggest that a short course of omalizumab does not alter either basophil numbers or basophil histamine content. Previously, Saini et al. [12] measured the histamine content of lysed whole blood and also found no differences resulting from omalizumab treatment.
The inflammatory environment that predisposes to asthma is maintained by Th2 cytokines. Therefore, we expanded our studies to determine the effects of omalizumab on basophil cytokine and chemokine production. Mast cells and Th2 lymphocytes are traditionally considered to be the main sources of asthma-promoting cytokines, especially IL-4 and IL-13, in human asthma [26, 27, 30] . However, it is clear that basophils also produce Th2 cytokines [15] [16] [17] [18] [19] [20] [21] [22] and there is a long history of research implicating basophil-derived mediators in human allergic inflammation and asthma [26, [31] [32] [33] [34] .
We demonstrated by ELISA that basal production of IL-4, IL-8 and IL-13 is very low in basophils from volunteers with intermittent asthma and is not detectably altered by omalizumab. Before omalizumab, Fc RI crosslinking with anti-IgE induced a robust production of all 3 inflammatory mediators. Within weeks of beginning omalizumab, anti-IgE-stimulated production of IL-4, IL-8 and IL-13 measured over a 4-hour incubation period was significantly reduced. Six months after omalizumab withdrawal, anti-IgE-stimulated basophils generated as much or more of these cytokines than before treatment was initiated. The simplest interpretation of our data is that omalizumab causes a rapid and reversible downregulation of key Fc RI-mediated basophil cytokine production. Since it was not feasible to explore more than 1 time point or concentration of stimulus, we recognize the formal possibility that a shift in either the antigen concentration or time dependence of cytokine production could generate the same results. As noted, our use of anti-IgE as stimulus is expected to engage essentially all available IgE-receptor complexes and to elicit the highest possible response. Thus, we anticipate an even greater re duction in cytokine production by basophils during omalizumab treatment when the stimulus is specific allergen. IL-4 plays important pro-inflammatory functions in asthma including inducing the IgE isotype switch, increasing expression of vascular cell adhesion molecule-1, promoting eosinophil transmigration across endothelium, enhancing mucus secretion, and stimulating differentiation of Th2 lymphocytes leading to further cytokine synthesis and release [32] [33] [34] [35] . IL-13 also causes Th2 cell differentiation and IgE production and induces many other features of allergic lung disease, including airway hyperresponsiveness, goblet cell metaplasia and mucus hypersecretion [32, 36] . IL-8 is a potent chemoattractant for neutrophils and is also implicated in the enhanced airway responsiveness and airway remodeling observed in asthma [37] . Given the importance of these 3 mediators in allergic inflammation, it is possible that their reduced synthesis by basophils during omalizumab treatment contributes to the improvement of allergic inflammation and asthma symptoms that occurs in patients.
When Luminex multiplex technology became available, we extended the analysis of the same basophil supernatants using a Luminex panel that tests for a total of 32 cytokines, chemokines and growth factors. Luminex assays revealed the same pattern of response to anti-IgE and to omalizumab as already found by ELISA for IL-8 and IL-4. However, IL-13 was not detected. The apparent absence of IL-13 in the Luminex assay may be due to instability (the frozen supernatants were thawed for a second time for Luminex assays) or to a less sensitive antibody in the Luminex panel.
Two additional basophil products were explored. First, we found by Luminex that resting basophils release the chemokine RANTES and that activation using anti-IgE increases basophil RANTES production. Given RAN-TES' proposed role as a stimulator of basophil chemotaxis and degranulation [26, 33, 38, 39] , it was of interest to determine if its production was reduced by omalizumab, possibly leading to reduced auto-stimulation as well as reduced stimulation of other target cells, including eosinophils, monocytes and T cells. A trend towards reduced RANTES production during omalizumab treatment was observed but statistical significance was not demonstrated.
In addition, Luminex data confirmed previous evidence [22] that basophils produce leptin. Initially thought to be an adipocyte-derived satiety factor that regulates body weight by inhibiting food intake and stimulating energy expenditure, this 16 kDa adipokine was recently linked to the chronic asthma that is associated with obesity [40, 41] . Statistical analysis of Luminex data failed to reveal any significant effect of either anti-IgE stimulation or omalizumab on production of this mediator. The role of basophil-derived leptin in human physiology remains to be discovered.
In summary, our results establish that depleting basophil Fc RI expression reduces their Fc RI-mediated synthesis of the asthma-promoting cytokines and chemokines, IL-4, IL-13 and IL-8. We speculate that asthma symptoms may improve during treatment with omalizumab in part because of the reduced synthesis of basophil cytokines and chemokines. Supporting this hypothesis, Falcone et al. [32, 33] have reported that human basophils are more important sources of IL-4 and IL-13 than human mast cells and have proposed that basophils, despite their low numbers, can serve as both initiators and amplifiers of allergic inflammation in humans. Recent in vivo and in vitro work in mouse models has also strengthened the case for basophils as direct contributors to the initiation and progression of allergic inflammatory diseases and as targets for therapy [23, 24, [42] [43] [44] .
The discovery here that anti-IgE-stimulated basophil Th2 cytokine synthesis is reduced following treatment that has no effect on anti-IgE-stimulated histamine release helps to differentiate the Fc RI signaling properties of human basophils from those of Fc RI-expressing rodent models such as rat RBL-2H3 cells and mouse bone marrow-derived mast cells. In cultured rodent cells, the synthesis and release of multiple cytokines, including IL-4, persists under Fc RI stimulus conditions that are too weak to support histamine release by degranulation [45, 46] . In contrast, we find that cross-linking very low numbers of Fc RI on primary human basophils supports more histamine release than IL-4 and IL-13 production. Differences between rodent and human cells, between primary and cultured cells or between basophils and mast cells could all result in divergent Fc RI signal regulation. That such differences exist emphasizes the importance of studying primary human cells in order to better understand and treat human asthma and other allergic diseases.
